Objective: Complete myocardial revascularization is the standard for coronary artery bypass grafting. It has been shown, however, that offpump coronary bypass surgery (OPCAB) may reduce completeness of revascularization without affecting perioperative myocardial infarction rates. We evaluated the influence of OPCAB on major postoperative events in a large consecutive cohort of patients, with special emphasis on risk factors for perioperative myocardial infarction. Methods: From 1995 to 2004, 5935 patients underwent isolated coronary bypass surgery; of these, 4623 (77.9%) and 1312 (22.1%) underwent on-pump coronary surgery (CABG) and OPCAB, respectively. Patients undergoing OPCAB were matched to patients undergoing CABG by propensity score; logistic regression analysis models were used to study predictors of perioperative myocardial infarction. Results: In matched pairs, postoperative mortality, myocardial infarction, stroke, and atrial fibrillation were similar between groups, while reoperation for bleeding, time on ventilator and red blood cell use were lower in patients undergoing OPCAB. The number of distal anastomoses was lower in patients undergoing OPCAB (2.2 AE 0.80 in OPCAB vs 2.9 AE 0.86 in CABG, p < 0.001), as well as complete revascularization rates (61.9% in OPCAB vs 90.0% in CABG, p < 0.001). Multivariate analyses, performed on preoperative and intraoperative variables, showed that both incomplete revascularization and increasing numbers of distal anastomoses (even when controlling for completeness of revascularization) were significant predictors of perioperative myocardial infarction, while CABG/OPCAB strategy did not influence it. Conclusions: The choice of surgical technique did not influence the occurrence of major perioperative complications and of myocardial infarction, which is negatively affected by incomplete or too extensive revascularization strategies. #
Introduction
In the past 15 years there has been an increasing interest in off-pump coronary bypass surgery (OPCAB) that has become a well established alternative to the standard onpump operation (CABG); nowadays, approximately 20-25% of coronary bypass procedures are performed off-pump in the United States [1] .
Several studies comparing OPCAB with CABG are now available, although no clear-cut conclusion on the clinical benefit of off-pump surgery has been reached [2] . A number of studies has shown that fewer grafts tend to be performed off-pump than on-pump, suggesting higher incomplete revascularization rates for patients undergoing OPCAB [3, 4] , although perioperative myocardial infarction rate seems to be similar with either technique [3, 5] .
In this study we have analyzed the impact of the choice of surgical strategy (CABG vs OPCAB) on major postoperative events in a large consecutive cohort of patients, with special emphasis on relations between cardiopulmonary bypass (CPB) use, completeness of revascularization, and perioperative myocardial infarction.
Patients and methods

Patients
From January 1995 to December 2004, 5935 patients underwent isolated coronary artery bypass surgery at Centro Cardiologico Monzino. According to surgeon choice, myocardial revascularization was performed off-pump in 1312 (22.1%) patients and on-pump in 4623 (77.9%) patients. Onand off-pump patients were contemporaneous and not sequential groups. All patients underwent revascularization through a median sternotomy. Patients undergoing coronary revascularization through a thoracotomy were excluded. However, patients who were converted from off-pump to onpump bypass were retained (n = 16); thus, this represents an intent-to-treat study.
Surgical technique
All operations (CABG and OPCAB) were performed via a midline sternotomy, conduits were harvested, and all patients received a full heparin dose (3 mg/kg).
Surgical technique: off-pump
Coronary artery exposure was achieved with stay sutures applied on the left lateral side of pericardium or with deep pericardial stay sutures placed above the entry of the left lower pulmonary vein and laterally to the entry of the inferior vena cava. Distal anastomoses were constructed before proximal anastomoses. The left internal thoracic artery to left anterior descending coronary artery anastomosis was constructed first. Mechanical stability of the distal anastomosis area was achieved with a mechanical (earlier experience, up to 1998) or a suction (since 1999) stabilizer; target vessel hemostasis was obtained with proximal and distal vessel coronary occlusion with a single 4-0 polypropylene stitch (earlier experience, up to 1998) or with a soft plastic coronary flow-shunt (since 1999); no apical suction stabilizers were used during the time period of this study. Proximal anastomoses were constructed to the aorta with a tangential clamp. After completion of all anastomoses, heparin was reversed with protamine in a 1:1 ratio.
Surgical technique: on-pump
Standard cannulation for CPB was performed with ascending aortic cannulation and dual stage cannulation of the right atrium. A nonpulsatile roller or centrifugal pump, hollow-fiber oxygenator with integrated heat exchanger, arterial filter, open cardiotomy reservoir, and polyvinyl tubing system were used in all cases. Each operation was performed with moderate or tepid hypothermia and hemodilution. Blood flow during CPB was kept at >2.0 l/min/m 2 , and hematocrit at 18-25%. Myocardial protection was achieved by the administration of cold, multidose crystalloid or blood cardioplegia infused either antegrade or retrograde or in combination on induction and every 20 min. Distal anastomoses were usually constructed first, and the proximal anastomoses were constructed to the ascending aorta with a tangential clamp. After the patient was weaned from CPB and decannulated, heparin was reversed with protamine in a 1:1 ratio.
Data collection
Patients were identified from the prospective computerized database and preoperative, operative, and postoperative variables (see Appendix B, Table B.1) were retrieved from this database whose use for research was approved by Centro Cardiologico Monzino Institutional Review Board. Because this is a retrospective study with a large number of patients whose data had been collected over a long duration, the Institutional Review Board waived the requirement for informed consent on the condition that the subjects' identities were hidden before analytical procedures were performed.
Statistical analysis
Continuous variables are presented as means AE 1 standard deviation, categorical variables as percentage.
Comparison of early outcomes between CABG and OPCAB by propensity-matched pairs
To minimize selection bias before comparing the on-and off-pump groups, we used propensity score matching [6] . A subject's propensity score is his or her probability of receiving the treatment (in this case, exposure to CPB) given his or her covariate profile. Our propensity scores were computed from a logistic regression model with forward stepwise selection of the 29 preoperative variables (see Appendix B, Table B .1) predicting exposure to CPB; the Cstatistic of this model was 0.79. Using only the propensity score, CABG patients were matched to OPCAB patients by using a greedy matching strategy. For this, matching to five decimal points was initially performed, followed by 4-, 3-, 2-, and 1-decimal-point matching. Off-pump patients whose propensity scores deviated more than 0.10 from those of onpump patients were considered unmatched. This yielded 1062 off-pump patients propensity matched to 1062 on-pump patients. Group differences in clinical variables between CABG and OPCAB were assessed by analysis of variance, Chisquare or Fisher's exact tests when indicated.
Predictors of perioperative myocardial infarction and of incomplete revascularization
Perioperative myocardial infarction was defined both in CABG and in OPCAB as positive results in at least two of the three different tests: the appearance of new (>0.03 s) or enlarging Q waves, elevation in the myocardial fraction of creatine kinase (CK-MB >70 IU/l), and newly developed regional wall motion abnormalities on echocardiography [7] . Incomplete revascularization was defined as failure to graft a coronary artery system with a 50% or greater stenosis or lack of grafts to both the left anterior descending and circumflex coronary artery systems with a 50% or greater left main coronary artery stenosis [3, 8] . It was not considered necessary to bypass all obstructed marginal branches of the circumflex coronary artery or diagonal branches of the left anterior descending coronary artery for revascularization to be considered complete.
Logistic regression analysis was used to determine independent predictors of perioperative myocardial infarction, and 29 preoperative and six intraoperative variables (see Appendix B, Table B.1) were entered first into a univariate logistic regression analysis model. Variables with a p value less than 0.2 at univariate logistic regression analysis were further analyzed with multivariate logistic regression analysis with forward stepwise selection. Separate multivariate models were analyzed for all patients together, for patients undergoing surgery in more recent years (in order to account for institutional learning curve), and for patients receiving complete or incomplete revascularization.
A p value less than 0.05 was considered significant.
Results
Whole patient population
Preoperative clinical features of the whole patient population are reported in Table 1 , whereas intraoperative and postoperative events are displayed in Table 2 .
Propensity matched pairs
Factors associated with propensity to use on-and off-pump techniques are reported in Table 3 . Preoperative characteristics of on-and off-pump propensity matched patients were well matched (Table 4) , including similar extent of coronary artery disease (2.5 AE 0.57 diseased coronary vessels in CABG vs 2.5 AE 0.66 in OPCAB, p = 0.64), similar involvement of the left main and of the three major coronary vessels. About intra-and postoperative features (Table 5) , matched patients who underwent off-pump surgery had lower rates of left internal mammary artery utilization, whereas the radial COPD: Chronic obstructive pulmonary disease; EF: ejection fraction; IABP: intra-aortic balloon counterpulsation; LAD: left anterior descending coronary artery system; LCX: circumflex artery system; LMT: left main trunk; MI: myocardial infarction; NYHA: New York Heart Association; RCA: right coronary artery system. Major postoperative complications (in-hospital death, stroke, and myocardial infarction) were similar in the onand off-pump patients. However, off-pump patients experienced less reoperation for bleeding, red blood cell use, and lower times on ventilator.
Risk factors for perioperative myocardial infarction
Perioperative myocardial infarction occurred in 23 (2.2%) and in 17 (1.6%) propensity-matched patients who underwent CABG and OPCAB, respectively ( p = 0.338). Table 6 reports the data about severity and location (grafted vs nongrafted territory) of perioperative myocardial infarctions in propensity-matched patients; there were no significant differences in patient undergoing CABG and OPCAB, although it should be noted a slight trend towards higher need of inotropes in patient undergoing CABG and who had a perioperative myocardial infarction (43.5% vs 29.4 in CABG and OPCAB, respectively, p = 0.364).
The factors significantly ( p < 0.05) or possibly ( p < 0.2) influencing the occurrence of perioperative myocardial infarction at univariate logistic regression analysis performed on the whole patient population are listed in Table 7 . Multivariate logistic regression analysis (Table 7) showed that independent predictors of myocardial infarction were, in order of statistical significance year of surgery ( p = 0.0000, COPD: chronic obstructive pulmonary disease; EF: ejection fraction; IABP: intra-aortic balloon counterpulsation; LAD: left anterior descending coronary artery system; LCX: circumflex artery system; LMT: left main trunk; MI: myocardial infarction; NYHA: New York Heart Association; RCA: right coronary artery system. being more recent years associated to lower risk), incomplete revascularization ( p = 0.0018), urgent/emergent surgery ( p = 0.0048), redo-operation ( p = 0.0249), the number of distal anastomoses performed ( p = 0.0260, being higher numbers of distals associated to an increased risk of myocardial infarction), and smoking habitus at the time of surgery ( p = 0.0438). When multivariate logistic regression analysis was performed only on patients who had complete myocardial revascularization (n = 4949, Table 7 ), the only significant risk factors were the year of surgery ( p = 0.0000) and the number of distal anastomoses ( p = 0.0227). In this case it is interesting to note that, even when controlling for completeness of revascularization, increasing number of distal anastomoses were still associated to an increased risk of significant perioperative myocardial infarction. In addition, both incomplete revascularization and increasing number of distals were retained in logistic regression models performed on more recent years of surgical experience (1999-2004 and 2000-2004, Table 7 ), in order to account for institutional learning curve. Finally, in patients who received incomplete revascularization (n = 986, Table 7 ), the independent risk factors were year of surgery ( p = 0.0014), urgent/emergent surgery ( p = 0.0170), and redo-operation ( p = 0.0217).
Discussion
Several studies have reported that standard on-pump coronary artery bypass surgery continues to show favorable short-and long-term outcomes [9] . Nevertheless, due to an increasingly high-risk population, on-pump CABG is still associated with substantial morbidity, which is for the most part ascribed by some authors [10] , but not by all [11] , to the adverse effects of extracorporeal circulation.
Over the past years, OPCAB has been explored as an emerging technique for coronary revascularization that might reduce the potentially adverse effects of cardiopulmonary bypass, and the number of procedures performed offpump has increased significantly. Nevertheless, definitive conclusions about the relative merits of standard CABG and OPCAB are difficult to be reached, as adequate results may be achieved with either type of procedure, and differences, if any, in major perioperative outcomes between the two techniques are so small that very large trials are needed to find possible differences [2, 12, 13] .
In addition, previous studies have shown a lower completeness of revascularization when comparing OPCAB with conventional CABG [3, 4] . Incomplete revascularization is known to negatively influence several outcomes after coronary bypass grafting [8, 14] , and is a risk factor for myocardial damage [15] , which leads, in turn, to worse results at follow-up [16] .
To the best of our knowledge, there are no reports or comparative studies that address the relations between surgical technique (CABG vs OPCAB), completeness of revascularization and perioperative myocardial infarction.
Our study shows that, similarly to other hard outcomes such as in-hospital mortality and perioperative stroke, once patient clinical features are adjusted for risk, the type of surgical technique (on-pump vs off-pump) does not affect perioperative myocardial infarction rates, being very similar in propensity-matched pairs (2.2% in CABG vs 1.6% in OPCAB, respectively). This is in line with previous studies that failed to document any significant difference in terms of perioperative myocardial infarction or other hard outcomes between CABG and OPCAB [3, 5, 13] ; moreover, it confirms and extends evidence coming from several studies performed with different designs (meta-analyses, randomized and nonrandomized risk-adjusted studies) that show no difference between the OPCAB and standard CABG procedures, even if some advantage can be achieved in term of minor complications with the adoption of the off-pump technique.
Multivariate analysis also confirms that the choice of onor off-pump surgery does not significantly affect the occurrence of clinically significant perioperative myocardial infarction. Interestingly, in addition to variables indicating LIMA: left internal mammary artery; RIMA = right internal mammary artery. that high complexity or high risk procedures (e.g. operation on an urgent/emergent basis and redo-operations) or improvement of patient management over time (year of surgery) influence this complication, two apparently opposite factors related to the extent of revascularization achieved with the operation emerge at multivariate analysis as risk factors for perioperative myocardial infarction: incomplete revascularization and increasing number of distal anastomoses performed. It is also important to note that the number of distal anastomoses is retained as a significant risk factor for perioperative myocardial infarction both in the model considering the whole patient population and in the model analyzing only patients classified as having complete revascularization at intervention, controlling for completeness of revascularization. The achievement of complete revascularization is one of the main goals of coronary bypass surgery whatever the technique chosen, as incomplete revascularization may adversely affect not only the early, but also the late results [17, 18] . Our study shows that the incomplete revascularization rates are not irrelevant both for CABG and OPCAB, and are higher when the OPCAB strategy is adopted. The incomplete revascularization rates reported in our study are in line with previous experiences [3, 4] and, although it was not possible to know exactly the reason for each case, they can be explained by technical and strategical reasons. Regarding technical causes, it is possible that the non-use of apical suction stabilizers, that make revascularization of the lateral and inferior wall of the heart less technically demanding, which instead have become available in the very late part of our experience, might have contributed to a less complete revascularization. In addition, strategical issues might have played an important role as determinants of incomplete revascularization: and some of these can be related to the risk profile of the patient (e.g. when the surgeon may feel that a quicker, less extensive surgery may be better tolerated by a sick patient), whereas others can be related to the quality of the coronary vessels that need to be grafted which, sometimes, may be discouraging because of the calliper or because of the presence of diffuse disease. All these possible causes are obviously more relevant in OPCAB that is per se a more technical demanding strategy, and for this reason, although some experienced OPCAB surgeons have demonstrated the ability to achieve 100% complete revascularization in OPCAB patients [19] , most series show a near doubling of incomplete revascularization in OPCAB setting [3, 4, 18] . In addition, the features of our study, retrospective and 'on the road', totally represent our practice over a 10-year period of time. This implies that patients were not selected a priori in any way, and the only criterion for patients to be included in the study was the absence of concomitant procedures. And this is really different from prospective randomized trials where it is easier to achieve higher complete revascularization rates due to some sort of a priori selection of the patients; and this, in our opinion, makes randomized studies sometimes less representative of the patient population undergoing coronary bypass surgery.
The prominent role of OPCAB in the occurrence of incomplete revascularization has then been confirmed by additional multivariate analyses performed on our patient population showing that OPCAB technique was the most significant predictor (OR 7.1, 95% CI 5.9-8.3, p = 0.0000) of incomplete revascularization (Table 8) ; of note, no interaction was detected between surgical strategy (CABG vs OPCAB) and incomplete revascularization as predictors of perioperative myocardial infarction. Finally, the issue of higher incomplete revascularization rates in OPCAB, together with the warnings of reduced patency of the bypasses done off-pump [20] , supports the emerging evidence of reduced freedom from revascularization at follow-up for patients undergoing off-pump coronary bypass surgery [21] , although the relative contribution of each of these potential causes still needs to be determined. In our study, a higher number of distal anastomoses seem to be associated to greater perioperative myocardial infarction rates. This suggests that a too aggressive revascularization strategy, with more than one distal anastomosis done per ischemic territory (left anterior descending, circumflex, and right coronary artery systems) is detrimental for the patient. This observation confirms and extends previous evidence from the re-analysis of the data of BARI trial, which documented that overgrafting patients in the non LAD-dependent territory increases the risk of death/myocardial infarction at follow-up [22] . Data from our study show that the increased risk for myocardial infarction due to overgrafting occurs also in the early perioperative period. An increased stress posed to the heart due to longer procedures, the possible accumulation of technical faults due to an increased number of anastomoses, or flow competition that can occur especially in case of borderline coronary stenoses may well explain these findings.
Further prospective randomized studies aimed at exploring the mechanisms and potential risks of overgrafting patients either in on-or in off-pump coronary bypass surgery are still needed to confirm these hypotheses.
Taken together, these data suggest that surgical strategies leading to incomplete or too extensive revascularization are both potentially detrimental and may increase the occurrence of postoperative myocardial infarction. Moreover, one can envision that the choice of an on-or off-pump approach for coronary revascularization should take into account the chances of over-or undergrafting the patient, respectively.
Study limitations
This study was a retrospective study of patients who underwent CABG and OPCAB. Patients were not randomly assigned to either group, but instead the choice of procedure was made by the surgeon at the time of operation. Therefore, selection bias may affect our findings. To reduce the effect of selection bias on outcomes, we used propensity matching to identify well-matched off-pump and on-pump patients for comparison (off-pump and on-pump groups were well matched in all evaluated preoperative characteristics), and multivariate logistic regression analysis to simultaneously correct for differences in baseline clinical variables.
The finding that more than one graft to every coronary system is associated with higher perioperative myocardial infarction rates can be alternatively explained by the fact that an increasing number of distal anastomoses can be a marker for more extensive coronary disease that might have contributed to the increased infarction rates. However, the number of coronary systems involved was included as covariate in all logistic regression models and was not associated with the occurrence of perioperative myocardial infarction. Another alternative explanation is that an increasing number of distal anastomoses can be a surrogate marker for increasing crossclamp and cardiopulmonary bypass times which are known risk factors for perioperative myocardial damage. The effect of increasing cross-clamp and cardiopulmonary bypass times was studied in separate logistic regression models considering only patients undergoing on-pump coronary surgery, and both variables were not retained in the final model, whereas an increasing number of distals was retained as a significant risk factor for perioperative myocardial infarction (data not shown).
The method that was chosen to define and ascertain the occurrence of perioperative myocardial infarction, even if widely accepted in clinical practice, does not eliminate the chance of lesser myocardial damage in terms of enzyme/ myocardial protein release as previously described for patients undergoing OPCAB [2, 3] . The analysis of our experience covered ten years of surgical practice, and even if during this time period several new markers of myocardial damage have emerged with potential application in a clinical setting, they were not validated at the beginning of the time 
